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ABSTRACT 
The Upper Cretaceous Mowry Shale is a siliceous, organic-rich unit that is 
considered to be one of several source rocks in the Bighorn Basin, north-central 
Wyoming. Rocks in the Bighorn Basin were deformed in compression during the Late 
Cretaceous to early Eocene (?) Laramide orogeny. Recently, the potential for significant 
hydrocarbon production from the Mowry Shale has been reported. Therefore, the goal of 
this project is to investigate local and regional variability of fracture development within 
the Mowry and to consider the implications of its natural fracture system for hydrocarbon 
production in the Bighorn Basin.  
Outcrop studies were conducted in areas of strong folding (Alkali Anticline and 
north nose of Sheep Mountain Anticline, northwest of Greybull, WY) and areas with 
nearly flat-lying beds (Greybull Platform, east of Greybull) to characterize the 
orientation, length, spacing, and intersection relations of various fracture sets. 
Six major fractures sets were identified in all study areas with average strikes of 
15°, 50°, 90°, 110°, 140°, and 165°. Field fracture data along with petrographic study of 
micro-fractures suggest that all the fracture sets are extensional. The 50° set formed 
parallel to the maximum Laramide compressional stress. It occurs pervasively through 
the strongly folded regions and in parts of the Greybull Platform Laramide that were 
impacted by Laramide deformation. The 140° set is orientated from parallel to subparallel 
to the fold hinge of the Laramide structures and is probably related to extension during 
bending of layering. This set appears as local fracture swarms in most outcrops in the 
gently folded Greybull Platform. The 110° set likely formed pre-Laramide, and occurs in 
tightly folded areas, as well in brittle strata. The 15° and 165° sets are possible pre-
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Laramide, and are best developed in the Greybull Platform. The 90° set may have formed 
during the Sevier orogeny, and occurs in all study areas, but is best developed on the 
Greybull Platform. Surface fracture orientations that are potentially present in the 
subsurface of the Bighorn Basin include the 15°, 90°, 140° (fracture swarms) and 165° 
sets.
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CHAPTER 1. INTRODUCTION 
The Upper Cretaceous Mowry Shale has long been recognized as a source rock 
for unconventional hydrocarbon production within the Laramide structural basins of 
Wyoming (Schrayer and Zarrella, 1963; Davis, 1970; Davis et al., 1989; Anna and Cook, 
2008; Finn, 2010). In addition, recent studies by the Wyoming and U.S. Geological 
Surveys have suggested that the Mowry, itself, may be an excellent target for 
unconventional hydrocarbon production. Most of the gas and oil generated within the 
formation remains in situ due to lack of cross-cutting migration pathways and/or low 
matrix permeability (Finn, 2010; Modica and Lapierre, 2012; Kirschbaum and Mercier, 
2013).  
As is generally the case for unconventional resources in mudrocks, an 
understanding of natural fractures is critical for evaluating hydrocarbon producibility. In 
such reservoirs, connectivity and complexity of natural fractures often help to determine 
whether fractures function as conduits for hydrocarbon migration and storage, or instead 
serve as permeability barriers resulting in resource compartmentalization (Ghosh and 
Mitra, 2009). This study evaluated various characteristics of natural fractures that impact 
permeability, including abundance, size, orientation, intersection relations, and secondary 
mineralization. These attributes are essential to the prediction of hydrocarbon distribution 
within the Mowry Shale in the Bighorn Basin, Wyoming. 
In addition to the implications for petroleum systems, the origin and timing of 
natural fracture systems are also relevant to the interpretation of regional tectonic history. 
The Mowry Shale was deposited within a foreland basin linked to the Sevier thrust belt to 
the west (DeCelles, 2004; Jones et al., 2011). During the latest Cretaceous to Eocene 
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Laramide orogeny, the Rocky Mountain foreland was partitioned into a series of 
basement-cored uplifts and intervening basins (Gries, 1983; Dickinson et al., 1988; 
Erslev and Koening, 2009). Within the centers of the Laramide basins, the Mowry was 
deeply buried, but it is exposed in folds and uplifted basement blocks around the basin 
margins. Numerous fracture studies have been conducted in such structures, particularly 
those that have been exploited for hydrocarbons. Previous analyses, however, have 
emphasized conventional reservoir lithologies (i.e., sandstones and limestones). These 
studies have revealed multiple fractures sets. Some are undoubtedly related to Laramide 
folding, but others have been inferred to pre-date folding. Yet other fractures sets have 
been interpreted as post-Laramide in age (Cooley and Erslev, 2013), related, for example, 
to ongoing extension in the Basin and Range province to the west (Zoback et al., 1981).  
Unconventional shale reservoir are typically structurally undeformed, wherein 
hydrocarbons are trapped close to their location of generation due to low permeability. To 
address this, and predict the distribution of fractures within the basin, this study included 
an important field area in the region east of Greybull, Wyoming, where outcrops of the 
Mowry sit atop the interior of a rigid Laramide basement block (Greybull Platform) and 
exhibit only gentle folding (limb dips commonly no more than a few degrees). Because 
tight Laramide folds have not overprinted this area, it should be well suited for 
characterizing the regional background fracture pattern. Within the Greybull Platform, 
the Mowry is widely exposed along the flanks of mesas held up by a veneer of resistant 
sandstone within the base of the overlying Frontier Formation. Additionally, studies were 
also conducted within two well-developed Laramide anticlines near Greybull, Wyoming 
(Sheep Mountain Anticline and Alkali Anticline). Theses analyses allow comparison of 
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fracture patterns in the Mowry with those in folded sandstones and limestones examined 
by previous workers. In addition, tracing of fractures sets in the relatively undeformed 
Greybull Platform into more strongly folded areas can potentially help elucidate the age 
of those fractures relative to the Laramide orogeny. These various analyses can help to 
understand the genetic relationship between natural fractures in unconventional reservoirs 
and deformation of the Bighorn Basin. 
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CHAPTER 2. REGIONAL GEOLOGIC AND TECTONIC SETTING 
The Bighorn Basin is an asymmetrical intermontane Laramide structural basin 
(~34,000 square kilometers in area) that extends from north-central Wyoming to south-
central Montana (Fox and Dolton, 1996). Sedimentary rocks deposited above 
Precambrian basement rocks range in thickness from approximately 9,000 meters in the 
west to 2,500 meters in the east (Blackstone, 1986) (Fig. 1). The basin is bounded by 
Rocky Mountain foreland uplifts on the east (Bighorn Mountains), south (Owl Creek 
Mountains), northwest (Beartooth Mountains), and north (Pryor Mountains), and the 
volcanic Absaroka Range on the west (e.g., Finn, 2010). The basin axis, along with major 
fault and fold systems, trends roughly northwest-southeast with local variation of north-
south orientations (Blackstone, 1986; Erslev and Koenig, 2009).  
During late Precambrian time, a passive margin was formed on the western edge 
of Laurentia due to the breakup of the supercontinent Rodinia. Precambrian crystalline 
plutonic igneous and metamorphic rocks comprise the basement block of the Bighorn 
Basin. Sediments accumulated, without major tectonic disruption, until the late Paleozoic. 
During this time, western Laurentia was located near the equator, and experienced 
multiple transgressive and regressive cycles (i.e., Sauk, Tippecanoe, Kaskaskia, and 
Absaroka), which resulted in the deposition of shallow marine and marginal marine 
facies, such as siliciclastics (Middle Cambrian Flathead Sandstone and Gros Ventre 
Formation) and carbonates (Upper Cambrian Gallatin Group, Ordovician Bighorn 
Dolomite, Devonian Darby Formation, Mississippian Madison Limestone, and 
Pennsylvanian Amsden Formation) in the Bighorn Basin (Fox and Dolton, 1996; May et 
al., 2013). The Late Devonian–Early Mississippian Antler orogeny and the 
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Pennsylvanian-Permian cratonic basins and uplifts of the Ancestral Rocky Mountains 
caused sedimentation to shift from dominantly carbonate to a mixture of carbonate and 
siliciclastic (Pennsylvanian Tensleep Sandstone and Permian Phosphoria/Goose Egg 
Formation) (Gries, 1983; Amrouch et al., 2010; May et al., 2013). This was followed by 
terrestrial, largely redbed, deposition during the Triassic (Dinwoody Formation and 
Chugwater Group).  
Western North America transitioned from a passive margin to an active, 
convergent margin during the Mesozoic (Gries, 1983; May et al., 2013). Major episodes 
of mountain building (i.e. Nevadan, Sevier, and Laramide orogenies) occurred in western 
North America during the Jurassic and Cretaceous due to subduction of the Farallon and 
other plates under North America and the opening of the North Atlantic Ocean (Gries, 
1983; DeCelles, 2004). Sedimentary deposition shifted from dominantly marine facies to 
a mixture of eolian, shallow marine, sabkha, fluvial, and lacustrine (Middle Jurassic 
Gypsum Spring, Upper Jurassic Sundance and Morrison Formations, and Lower 
Cretaceous Cloverly Formations (Gries, 1983). The N-S trending Sevier Cordilleran 
orogenic belt and Zuni transgressive and regressive cycle during the Early Cretaceous 
resulted in the formation of the Western Interior Seaway. The latter covered a majority of 
the Sevier foreland basin, and deposited extensive thick marine shales (Lower Cretaceous 
Thermopolis, and Upper Cretaceous Shell Creek, Mowry, and Cody Shale) and deltaic 
facies (Lower Cretaceous Muddy Sandstone, Upper Cretaceous Frontier Formation) 
(Snoke, 1997; Fielding et al., 2014). The Sevier orogeny transitioned (ca. 80 Ma) to the 
Laramide orogeny as the angle of subduction of the Farallon plate changed from steep to 
shallow (Gries, 1983; Dickinson et al., 1988). Intensive local uplift of basement blocks 
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resulted in folding of overlying sedimentary rocks in the foreland basin, east of the 
Cordilleran thrust belt (Erslev, 1986). Deformation of the Precambrian basement 
involved steep to low-angle reverse faults that were caused by horizontal shortening 
oriented generally ENE-WSW (Erslev and Koenig, 2009) (Fig. 2). However, Jones et al. 
(2011) argued that subduction orientation of the Farallon Plate changed from ENE to 
NNE by the end of Mesozoic. Meanwhile, as the Western Interior Seaway regressed, and 
local Laramide deformation continued to develop, sedimentary deposition in the Bighorn 
Basin gradually transitioned from shallow marine and deltaic facies (Upper Cretaceous 
Mesaverde, Meeteetse, and Lance Formations) to lacustrine and fluvial clastic basin fills 
(Paleocene Fort Union and Eocene Willwood Formations) sourced from local uplifts 
during the Laramide orogeny (May et al., 2013). Following the end of the Laramide 
orogeny at ca. 40 Ma, NE-SW extension in the Basin and Range province to the west of 
the Bighorn Basin was ongoing, and dominated tectonic activity in western North 
America (Zoback et al., 1981). 
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CHAPTER 3. GEOLOGY OF STUDY AREA 
Data were collected primarily from Mowry Shale outcrops within three Laramide 
structures: 1) Greybull Platform, 2) Alkali Anticline, and 3) Sheep Mountain Anticline 
(Fig. 3). These features are located within the hanging-wall of the Rio thrust fault, a 
segmented, northeast-dipping, basement-involved, NNW-SSE striking blind thrust fault 
(Stone, 2004). The study area is located west of the NW-SE striking Bighorn Arch 
(Smaltz and Erslev, 2013) (Fig. 1). Alkali Anticline and the Sheep Mountain Anticline 
are asymmetric, doubly-plunging, flexural-slip style folds (Hennier and Spang, 1983) that 
formed as a result of backlimb tightening during the Laramide orogeny (Stanton and 
Erslev, 2004; Smaltz and Erslev, 2013) with an overall orientation parallel to the Rio 
thrust (Stone, 2004) and perpendicular to the Laramide ENE-WSW compressional stress 
(Erslev and Koenig, 2009). The slight variation in trend of the Sheep Mountain Anticline 
along its length is believed to be the result of complex crustal strain (Dickinson et al., 
1988) and reactivation of a pre-Laramide fault (Amrouch et al., 2010) related to the 
Pennsylvanian-Permian Ancestral Rocky Mountains (Ye et al., 1996). Relative to Alkali 
Anticline and Sheep Mountain Anticline, the Greybull Platform is located further east of 
the Rio thrust with extremely gentle anticlines and synclines which formed over multiple 
blind back-thrusts with limbs dipping no more than a few degrees (Stone, 2004).  
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CHAPTER 4. MOWRY SHALE 
The Upper Cretaceous (latest Albian to earliest Cenomanian) Mowry Shale is a 
siliceous, organic-rich mudrock. Total organic carbon (wt.% 0-3.7, average = 1.8 %) and 
pyrolysis analysis indicate that the Mowry Shale contains type II and type III kerogen, 
and that it may generate both oil and gas (Finn, 2010). Organic materials present in 
Mowry Shale include an abundance of fish debris, including fish scales, and fragments of 
terrestrial material (Burtner and Warner, 1984; Davis and Byers, 1989). In the Bighorn 
Basin, the Mowry conformably overlies the Shell Creek Shale (fissile, non-siliceous, 
clay-rich shale) (Eicher, 1960) and underlies the Frontier Formation (Fox and Dolton; 
1996; Kirschbaum and Mercier, 2013) (Fig. 4). The Mowry Shale increases in thickness 
westward, from 35 meters to 120 meters, due to Sevier thrust loading (Jordan, 1981; 
Sterling, 2013). Outcrops of gently to strongly folded beds are exposed along the rim of 
the basin in Late Cretaceous-early Eocene Laramide uplifts. However, in the center of the 
basin, the Mowry is relatively flat and buried under 4,000 meters of late Mesozoic and 
Cenozoic sedimentary rocks. Based on its source rock quality and composition, the 
Mowry Shale is considered an unconventional play in the Bighorn Basin (Finn et al, 
2010).  
The Mowry Shale in the study area consists of a poorly exposed lower part 
dominated by shale with interbeds of bentonite, and a generally better exposed, coarser-
grained upper part (Fig. 6a). The latter is composed of hard, brittle, siliceous dark brown 
to black shale, porcelanite (mainly quartz-rich siltstone/shaly sandstone), interbedded 
bentonite strata (Fig. 6c), and generally three very fine- to fine-grained sandstone beds 
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(0.3 to 3 meters thick) located in the middle to upper part of the relatively coarse, upper 
Mowry (Byers and Larson, 1979; Davis and Byers, 1989; Keefer et al., 1998) (Fig. 6b).  
The deltaic to prodeltaic environment of deposition of the Mowry Shale in the 
Bighorn Basin resulted in compositional variability at the local and regional scale (Davis, 
1970). For example, sandstone thickens to the southeast, whereas quartz content 
decreases and feldspar content increases westward. The Mowry coarsens upward and is 
largely believed to have been deposited in a marginal marine setting, as a regressive 
sequence of the Western Interior Sea (Kirschbaum and Mercier, 2012). The angularity of 
quartz grains, hummocky cross-stratification, and oscillation ripples suggest sandstone 
units were most likely deposited by storm events in a shallow marine environment (Davis 
and Byers, 1989; Kirschbaum and Mercier, 2012). Elevated silica contents in the Mowry 
Shale resulted from alteration of volcanic ash (Rubey, 1929) and/or siliceous organisms 
like radiolarians (Davis, 1963; Davis, 1970).  
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CHAPTER 5. METHODS 
Fracture measurements and observations were conducted during the summers of 
2012 and 2013. Most emphasis was placed on the tightly-folded Alkali Anticline and 
gently-folded to flat-lying Greybull Platform (Figure 1). Measurements from these two 
areas were conducted almost entirely within the Mowry Shale, although one location in 
the Frontier Formation was measured on the southwest flank of Alkali Anticline. Fracture 
data from the Mowry Shale and Sundance Formation were also collected at the north 
nose of Sheep Mountain Anticline to compare with nearby data from Bellahsen et al. 
(2006) on fractures in sandstones (Tensleep Formation) and limestones (Amsden and 
Phosphoria Formations) in the limbs and hinge of the anticline. Base imagery for all 
figures is from the World Imagery database of ArcGIS Online, unless otherwise noted. 
Outcrop measurements were collected because of lack of access to subsurface cores of 
Mowry Shale in the northeast Bighorn Basin.  
 
5.1. Structural Data Collection 
Locations of individual outcrops were recorded in UTM NAD83 coordinates 
using a handheld GPS device (Garmin GPSMAP 60CSx), which had a position accuracy 
of ±3 m (Appendix A). Strike and dip of bedding, fractures, and slickensides, and trend 
and plunge or pitch of slickenlines were measured using a Brunton compass. Fracture 
orientations were sampled dominantly from sandstone and porcelanite beds in the upper 
section of Mowry, which are relatively well exposed compared to the lower, more shaly 
part of the formation. Measurements were made using the selection method, whereby a 
visual scan is conducted at each outcrop to select those fractures that are “systematic” 
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(i.e., widely distributed) (Davis and Reynolds, 1996). However, fractures were omitted if 
they were clearly related to weathering (e.g., fractures with erratic orientations that are 
not consistent with other localities in the study area). The traverse method (Davis and 
Reynolds, 1996), whereby fractures are measured along a linear traverse (scan line), was 
tested at several locations, but was deemed unfit for this study area because of the 
broadly linear nature of outcrops located at the edges of cliffs or within gullies (especially 
at the Greybull Platform). This precludes the ability to make line traverses in directions at 
a high angle to one another, which can cause some fracture sets to be underrepresented. 
Furthermore, weathering may affect some fracture sets more than others, creating 
uncertainty in measurements along a linear traverse. 
Variability in bed thickness and fracture length and spacing were measured using 
a tape measure and assessed qualitatively. Measurements of bed thickness were in places 
complicated by parting (e.g., due to the preferential weathering of shaly sandstone beds). 
The mode of deformation (extension or shear), fracture fill (i.e., mineralogy of cement or 
surficial sediments), evidence of reactivation, and intersection relationships (i.e., abutting, 
cross-cutting) were also recorded. Digital photographs were taken at individual locations 
to investigate relationships between lithology and fracture characteristics (e.g., 
distribution and intensity) to determine whether or not fractures in Mowry Shale are bed 
bounded (i.e., distributed as a function of mechanical stratigraphy). 
 
5.2. Structural Data Analysis 
Orientations of bedding and fractures were compiled in Microsoft Excel, 
converted to text files, and imported into Open Stereonet v.7.3.6 (website) written by 
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Richard W. Allmendinger (2011). Fracture measurements were restored to infer 
prefolding values by rotating about the average strike of bedding at each site to help 
determine the relative chronology of fracture generation (e.g., pre-Laramide, Laramide, 
post-Laramide). The most consistent correlation between sites occurs when using the 
bedding-corrected measurements, consistent with the fact that the vast majority of 
fractures are oriented perpendicular to bedding. 
Individual plots of the bedding-corrected measurements for all sites are included 
in Appendix B. Fracture orientations are presented for each fracture measurement 
location using a lower-hemisphere equal-area stereographic projection. Fracture sets were 
defined at the outcrop based on similarity of orientation and style. Minor adjustments to 
this initial grouping were made after examining the distribution of individual outlier poles 
relative to the contours on the stereoplots (calculated as percentage of points per 1% area). 
A small number of fractures (<1%) were moved from one set to another. Color was used 
to discriminate between the different sets in plots. The spacing of fractures is presented in 
a series of histograms generated using JMP Pro 11.0.0. 
Correlation of fracture sets between sites, both within and between the three study 
areas, is complicated by the fact that not all sets are present at all sites and that average 
orientations of each set can vary by ±10° or more between sites. In light of these 
complications, it is quite possible that some of the assignments made here are incorrect. 
Nonetheless, the strong consistency of patterns within and between the three study areas 
suggests that the overall patterns described below are robust. 
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5.3. Petrographic Data Collection and Analysis 
Samples of various lithologies, and including fractures of various orientations, 
were collected from representative locations in both the tightly and gently folded regions 
for thin section analysis. Fragile samples were impregnated with epoxy prior to slabbing 
to prevent sample disintegration. Thin sections were prepared with blue-dyed epoxy for 
straightforward identification of porosity. Interparticle porosity was determined using 
cellSens Dimensions metrology software by Olympus. Petrographic measurements 
included porosity, degree of fracture closure, and mineral phases associated with 
secondary mineral growth. 
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CHAPTER 6. RESULTS 
6.1. Field Observations 
6.1.1. Bedding orientations 
Stereonet plots of poles to bedding confirm the contrasts in tightness of folding 
between the three study sites (Figs. 5a-5c). The doubly plunging nature of Alkali 
Anticline is reflected by subtle variations in attitude of beds along the length of the 
structure (Fig. 5a). The average trend is 140° for the southeast nose and 320° for the 
northwest nose. The fold is asymmetric, with steeper average dips on the northeast limb. 
Bedding dips from the north nose of Sheep Mountain Anticline are as steep or steeper 
than those at Alkali Anticline (Fig. 5b). However, measurements obtained in this study 
from the northeast limb of Sheep Mountains Anticline are insufficient for constraining 
fold orientation. Measurements by Forster et al. (1996) indicate a trend of 316° for the 
north nose of Sheep Mountains Anticline. The areal distribution of bedding attitudes for 
the Greybull Platform indicates the presence of a series of gently dipping anticlines and 
synclines (below). Poles to bedding are for the most part tightly clustered, defining an 
axial orientation plunging gently to 319° (Fig. 5c). 
 
6.1.2. Overview of fracture orientations 
A total of 3511 fracture orientations were determined from 117 field sites at 
Alkali Anticline, north nose of Sheep Mountain Anticline, and Greybull Platform. 
Detailed analyses of fracture orientations within each of the three study areas are 
presented in subsequent sections. As an overview, Figures 5d-5f shows poles to all 
fractures for Alkali Anticline, the north nose of Sheep Mountain Anticline, and the 
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Greybull Platform, respectively. Based on these plots and those for the individual sites 
discussed in the following sections, there appear to be six major fracture sets. After 
correction for dip of bedding, these fractures are vertical and have average strikes of 15°, 
50°, 90°, 110°, 140°, and 165°. Additional sets of fractures oblique to bedding were also 
observed, but are not abundant and were not evaluated in detail (Figs. 5d-5f and Table 1). 
As is evident in Figure 5 and will be discussed further below, all fractures sets are 
present in all areas, although the relative abundances of the different fracture sets vary 
significantly between the three study areas (Figs. 5d-5f and Table 1). In particular, the 50° 
and 140° fracture sets are especially well developed at Alkali Anticline. The 50° and 140° 
sets are also widespread at the north nose of Sheep Mountain Anticline, but in this area 
the 90° set is also present at most outcrops. For the Greybull Platform, all sets except the 
110° set are well developed, although the relative proportions of the different sets varies 
markedly from one part of this area to another. Field observations, such as the present of 
plumose and hackle marks, indicate fractures are mostly extensional.  
Variations in fracture complexity and intensity are sometimes a function of the 
mechanical properties (e.g., composition and brittleness) of strata. Figure 7 shows 
differences between fracture characteristics (spacing and length) in siliceous shale (a), 
siltstone porcelanite (b), and cherty sandstone (c) at Alkali Anticline. Fractures in 
siliceous shale units appear to be longer and have larger spacing due the relatively high 
ductility. Siltstone porcelanite units in the Mowry Shale are commonly highly fractured 
with complex intersection relationships. Cherty sandstone units have the highest silica 
content and usually exhibit the most uniform fracture patterns. 
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6.1.3. Alkali Anticline 
A total of 1563 fractures were measured at Alkali Anticline from 52 sites within 
the Mowry Shale. Average orientations of the individual fracture sets at each site are 
illustrated in Figure 8. Greater numbers of fracture sets are generally present near the 
northwest nose and some faults. The 50° and 140° fractures, which are approximately 
perpendicular to and parallel to the fold hinge, respectively, are clearly dominant (Fig. 
5d). Both are present at 98% of field sites. The 90° set is present at 54% of the sites, and 
is more prominent near the northwest nose of the anticline and proximal to faults. The 15° 
and 165° sets were identified at 71% and 62% of the field sites, respectively. The 110° 
set is observed at 35% of the field sites, and most commonly occurs in the porcelanite 
unit (Table 1). Most shallowly dipping fractures strike parallel to the 15°, 90°, and 165° 
sets.  
Figure 9 shows the two dominant fracture sets at each site (except for site 116, 
where the second- and third-best sets are equally well developed). This figure confirms 
the dominance of the 50° and 140° sets. The figure also indicates the abutting 
relationships between those sets displayed in each plot. On the southwest limb, the 50° 
set abuts against the 140° set at 72% of the sites, whereas the two sets cross-cut each 
other at the remainder of the sites. On the northeast limb, the 50° set abuts the 140° set at 
30% of the sites, the 140° set abuts the 50° set at 30% of the sites, with 40% of the site 
exhibiting mutually cross-cutting relations.  
Alkali Anticline was divided into six subareas to further analyze distribution of 
orientation and spacing of fractures along the fold structure (Fig. 10). As in previous 
figures, the stereonets show poles of fractures corrected for dip of bedding. The 
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northwest-southeast black line in each plot indicates the trend of the fold axis. The 
northeast-southwest line marks the direction perpendicular to the fold axis. In each 
subarea, the 50° and 140° fracture sets are best developed. The 140° fractures lie 
approximately, but not exactly, along the fold axis. Specifically, in each subarea, the 140° 
fractures have an average strike that is offset approximately 10° counterclockwise from 
the trend of the fold axis. The 50° fractures exhibit a slightly more symmetric relationship 
relative to the fold orientation. Within subareas 3, 4, and 6 the 50° fractures have an 
average strike almost exactly perpendicular to the fold axis. In subareas 1, 2, and 5 the 50° 
fractures are offset in a counterclockwise sense relative to the normal to the fold axis, but 
by less than 10°.  
Spacing for the 50° and 140° sets from each subarea are plotted in Figure 11. In 
subareas 1, 2, 5, and 6 (the northwest and southeast noses of the anticline), the spacing of 
the 50° set is double that of the 140° set. However, fracture spacing of these two sets is 
more nearly equal along the middle part of the fold (subareas 3 and 4). The 140° fractures 
locally occur in swarms with centimeter-scale spacing between the individual fractures. 
These are relatively restricted, however, having been found only in shaly sandstone beds 
at the rim and both noses of the anticline. 
Select field photographs and corresponding stereonets of fracture sets from 
representative locations and lithologies of Alkali Anticline are presented in Figures 12-14. 
Figure 12 shows two outcrops of cherty sandstone (site 11 from subarea 2 and site 25 
from subarea 3). Each shows three fracture sets (15°, 50°, and 140°). At both sites, the 50° 
set abuts the 140° set. The abutting relationship of the 15° set is ambiguous; it abuts the 
140° set in the outcrop of Figure 9a, and mutually abuts the 140° set in the example in 
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Figure 12b. Fracture sets at site 11 have a smaller average spacing than those at site 25 
(this is not evident in Figure 12, but is demonstrated by the measurements from the sites 
as a whole). The lengths of the 15° and 50° sets are greater at site 25 than site 11. 
Variability of natural fracture characteristics (i.e., spacing and length) at these sites may 
be independent of lithology, and more related to individual location in the anticline. 
Figure 13 compares two sites, 38 and 44 within subarea 6, that differ in lithology, 
stratigraphic position, and proximity to the fold hinge. Site 38 comprises organic-rich 
sandstone in the lower Mowry Shale, and is located close to the hinge of the anticline. 
Site 44 exposes sandstone in the upper Mowry Shale, which is located along the rim and 
close to the hinge of the anticline. Despite these differences, fracture sets present at these 
two sites are nearly identical, with both exhibiting the 15°, 50°, 90°, and 140° sets. Note 
that the 140° fracture set appears as both laterally extensive and widely spaced fractures 
as well as fracture swarms at site 44 (Fig. 13). Site 56 includes the same sandstone as site 
44, but shows more fracture orientations with irregular spacing and length (Fig. 14).  
Fracture data were acquired from one outcrop of the Torchlight Sandstone 
member of the Frontier Formation located along the southwest flank of Alkali Anticline 
(site 121; Fig. 8) to compare with the data from the sandstone units of the Mowry Shale. 
The 15°, 50°, 90°, 140°, and 165° sets appear at site 121 (Fig. 14). Fractures in the 
Torchlight Sandstone have larger spacing and length than what was typically observed in 
the Mowry Shale. Nonetheless, as is the case in most of outcrops of Mowry Shale at 
Alkali Anticline, the 50° and 140° sets are the ones that are best developed. Abutting 
relationships are also similar to those observed in the Mowry Shale.  
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6.1.4. North nose of Sheep Mountain Anticline  
 For Sheep Mountain Anticline, data were collected from both the Mowry Shale 
(483 measurements at 14 sites) and the Sundance Formation (242 measurements at 8 
sites). The sites in the Mowry Shale are entirely from the southwest limb of the anticline. 
Those in the Sundance Formation are from both limbs and are located directly within the 
nose of the fold (Fig.15). 
The outcrop quality of the Mowry Shale in the north nose of Sheep Mountain 
Anticline is generally poor because of its distal location relative to the fold hinge and 
steepness of the backlimb (i.e., weathering appears to be more intensive on steeper beds). 
Furthermore, many outcrops have been affected by commercial bentonite mining. As a 
result, the fracture orientations, spacing, length, and abutting relationships are highly 
variable. 
All fracture sets present at the north nose Sheep Mountain Anticline are also 
present at Alkali Anticline. The 50°, 90°, and 140° sets are most widespread, being 
present at 86%, 93%, and 100% of the field sites, respectively (Table 1). The 165° set 
was identified at 50% of the sites, whereas the 15° and 110° were both found at only 29% 
of the sites. In terms of numbers of fractures, the 90° and 140° sets are the most abundant 
at the north nose of Sheep Mountain Anticline, compared to Alkali Anticline, where the 
50° and 140° fractures are most abundant (Fig. 5d and 5e). The same fracture sets that are 
observed in the Mowry Shale also appear to be present in the Sundance Formation (Fig. 
16). The frequency of occurrence of each fracture set in the Sundance outcrops is 
reported in Table 1. However, the characteristics are more consistent at outcrops in the 
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Sundance Formation (sites 145-149, site 156, site 157, and site 159-165) than for those in 
the Mowry Shale.  
 
6.1.5. Greybull Platform  
A total of 1223 measurements of fractures in Mowry Shale were obtained from 43 
sites within the Greybull Platform. Greater numbers of fracture sets are generally present 
in the northeast portion of the study area, which is proximal to the Bighorn Mountains 
(Fig. 17). The 15°, 90°, and 165° are the best-developed sets, and occur at 72%, 88%, and 
79% of the field sites, respectively (Table 1) (Fig. 18). The 50° set is present at 67% of 
the field sites, and is most prominent in the NE portion of the study area where it is also 
one of the best-developed sets. The 140° set was recorded at 91% of the field sites, but is 
generally not developed throughout the outcrops, instead being restricted to local fracture 
swarms (Fig. 19a). The swarms typically have widths of 10s of cm, with centimeter 
spacing between the individual fractures. This contrasts with the situation at Alkali 
Anticline, where 140° fractures are widely developed and only rarely restricted to 
fracture swarms. This also differs from the north nose of Sheep Mountains, where 
swarms of 140° fractures were not observed in either the Mowry Shale or Sundance 
Formation. The 110° set is poorly developed, being present at only 19% of the field sites. 
Shallowly dipping fracture sets were found at only three sites (155, 169, and 174). 
The Greybull Platform was divided into five different subareas to further analyze 
fracture characteristics (Fig. 20). The poles of fractures (corrected for dip of bedding) are 
plotted on a stereonet for each subarea. In subarea 1, the 50° and 140° fracture sets are 
best developed. The 15°, 90°, 140° (fracture swarms), and 165° sets are most prominent 
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in subareas 2, 3, 4, and 5. Additionally, subarea 5 shows a well-developed 50° set, 
perhaps due to the proximity to the south nose of Sheep Mountain Anticline (Fig. 20).  
Abutting relationships are shown in figure 18 for the major fracture sets, which 
are typically the 15°, 90°, and 165° sets within the south subareas (2, 3, 4, and 5), and 50° 
and 140° sets in the northeast subarea (1). In the south subareas, the 15° set abuts the 90° 
set at 18% of sites, the 165° sets abut the 90° set at 36% of sites, the 90° set abuts the 15° 
set at 7% of sites, and the 90° set abuts the 165° set at 4% of the sites. Abutting 
relationships at the remaining sites are ambiguous. In the northeast subarea, 75% of the 
sites have an inconsistent abutting relationship. The 50° set abuts the 140° set at 8% of 
the sites, and the 140° set abuts the 50° set at 17% of the sites. 
Exposure at Greybull Platform is highly limited and typically confined to cliffs 
and gullies (Fig. 19b). This made it difficult to accurately define the terminations of 
fractures. Therefore, fracture spacing and length are not presented.  
 
6.2. Petrographic Results 
Based on petrographic study, six lithologies were identified in the Mowry Shale  
(lithology was classified using the Folk classification scheme): 
1. Lithic arenite with light-colored quartz, volcanic ash, and feldspar grains, and 
dark-colored lithic fragments (“salt and pepper” texture) (Fig. 21a). This 
lithology tends to have high porosity (~10%). 
2. Sandy mudrock, commonly with bentonite and very fine-grained sand and silt 
laminae (Fig. 21b). 
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3. Sublithic arenite with abundant siliceous cement and very low porosity (< 1%) 
(Fig. 21c). 
4. Finely laminated siltstone/mudrock interbedded with volcanic ash (Figs. 21d 
and 22c). 
5. Sandstone with shale laminae (Fig. 22a). In the field, this unit is commonly 
weathered into thin beds (mostly range from 1 cm-10 cm in thickness). 
6. Porcelanite (thinly bedded and highly siliceous) (Fig. 22b). 
7. Organic-rich muddy sandstone (Fig. 24c). Organic materials include the 
remains of marine organisms as well as terrestrial plant matter. Organics are 
particularly abundant in the lower part of the Mowry Shale. Examples from 
this part of the section include samples NZ 1 (Greybull Platform) and NZ 38 
(Alkali Anticline) (Fig. 24). Large numbers of benthic foraminifera occur in 
Sample NZ 1 (Fig. 24a and 24b). Abundance of fish debris and terrestrial 
plant materials shows that the Mowry Shale contains kerogen type II and type 
III (Fig. 24c and 24d).  
Interparticle porosity was determined for 59 thin sections. The interparticle 
porosity for most was below 1% (Fig. 23). However, porosity is variable at the thin 
section scale due to sediment heterogeneities. Overall, lithic arenite had the highest 
porosity, 11% (Fig. 21a).  
Petrographic study confirms the inference from field analysis that all fracture sets 
are extensional. Fractures are locally filled with quartz and/or calcite, and less commonly 
gypsum. Multi-stage mineral growth and fracture reactivation were observed. The 50° 
fracture set in Fig 24d exhibits broken quartz filling due to re-opening. Some of the 
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textures show that cement accumulated in fractures while they were widening (Fig. 24c-
26). Fracture networks are locally complicated and connected by quartz bridges and 
layer-parallel unroofing fractures (Fig. 25). Although not commonly observed in all 
fracture sets, thin sections of NZ 102 and NZ 51A show multiple generations of calcite 
and quartz growth and the connection of natural extensional fractures (Fig. 26). Many 
large-scale fractures as well as microfractures lack of cements, which may be due to 
dissolution of calcite during weathering.  
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CHAPTER 7. DISCUSSION 
7.1. The Timing and Relationship of Mowry Shale Natural Fracture Sets 
The mechanisms controlling the formation and development of fractures in the 
Mowry Shale likely include regional and local stresses created by tectonic events, as well 
as uplift and unroofing. The present study allows for the comparison of fracture 
distributions in tightly versus gently folded areas in the Bighorn Basin that were affected 
by both Sevier and Laramide orogenic events.  
 
7.1.1. 50° and 140° fracture sets 
The 50° and 140° fracture sets occur systematically throughout the study areas, 
and are normal to, and subparallel-to-parallel to the fold axes, respectively. The 140° 
fracture set varies in orientation ±10°. The mean strike of this set is 130° at Alkali 
Anticline, but it trends more southeasterly (up to 145°) in both the north nose of Sheep 
Mountain Anticline and the Greybull Platform (Fig. 5). The orientation of this fracture set 
was reported by Bellahsen et al. (2006) to be closer to 140° in the Tensleep Formation at 
the north nose of Sheep Mountain Anticline. At Alkali Anticline, this set is consistently 
offset about 10° counterclockwise relative to the fold hinge, whereas at the north nose of 
Sheep Mountain it is roughly parallel to the fold hinge. Other Laramide structures with 
well-developed fracture sets normal to and subparallel-to-parallel to the fold axis include: 
Teapot Dome (Cooper et al., 2005), Rattlesnake Mountain (Beaudoin et al., 2013), Oil 
Mountain Anticline (Hennings et al., 2000), and the Caspar Arch (Cooley and Erslev, 
2013), all in Wyoming, and Elk Basin Anticline in Wyoming and Montana (Engelder et 
al., 1997), 
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The 50° fracture set is best developed in both tightly folded areas, but is also 
prominent in some parts of the Greybull Platform. This fracture set strikes normal to the 
fold axes in all three study areas. This orientation was also reported by Bellahsen et al. 
(2006) in sandstone beds of the Tensleep Formation and in carbonates of the Amsden 
Formation and the Phosphoria Formation in the limbs, hinge, and the nose of Sheep 
Mountain Anticline. Fracture sets striking normal to the fold hinge are also reported from 
other regions of Laramide deformation. This fracture set is likely related to the northeast-
trending maximum compressional stress (~50°) of the Laramide orogeny (Erslev and 
Kennedy, 2013) and presumably formed during fold-axis-parallel stretching (Henning, 
2001; Cooley and Erslev, 2013). In the gently folded Greybull Platform, this fracture set 
is only locally present in the middle and southern parts, but is relatively abundant near the 
front of the Bighorn Mountains, where Laramide deformation is most intense. This 
further emphasizes the relationship between the 50° fracture set and compressional stress.  
The 140° fracture set strikes parallel to the fold hinge at the north nose of Sheep 
Mountain Anticline, and is within 10° of the fold hinge at Alkali Anticline. Fractures 
striking parallel to the fold hinge have been observed in other Laramide structures, and 
have been interpreted to have formed via the bending of layers during folding or layer 
parallel shortening (e.g., Engelder et al., 1997; Bellahsen et al., 2006; Beaudoin et al., 
2013). This fracture set was also recorded in the gently folded Greybull Platform, where 
it strikes subparallel to parallel to the axis of gentle anticlines and synclines (Fig. 5c; 
Reppe, 1981).  
As noted in Results, the abutting relationship between the 50° and 140° sets 
ranges from clear to ambiguous, and is a function of outcrop quality and spatial 
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relationship to the fold, which makes it difficult to establish a timing relationship between 
the two. In general, the 50° and 140° sets in all three study areas were noted to mutually 
crosscut and abut each other, with the exception of the backlimb of Alkali Anticline, 
where the 50° set abuts the 140° set at 72% of sites (Fig. 9). However, for sandstones in 
the Tensleep and Amsden Formations at Sheep Mountain, Bellahsen et al. (2006) report 
that the 140° fracture set abuts the 50° fracture set, which implies that the 140° set is 
younger than the 50° set. On the other hand, nonsystematic abutting relationships 
between hinge-parallel and hinge-perpendicular fracture sets in the Mesaverde Formation 
at Teapot Dome were interpreted to indicate that the two sets formed contemporaneously 
(Cooper et al., 2006). 
 
7.1.2. 110° fracture set 
The population of the 110° fracture set is not evenly distributed, but is more 
commonly observed in the tightly folded regions than the gently folded one. At Alkali 
Anticline, this fracture set is mostly present in siliceous siltstone porcelanite units. The 
distribution is likely related to rock mechanics, and the fact that rocks of this type are 
brittle and more highly fractured than other units in the Mowry. Additionally, this set was 
reported by Bellahsen et al. (2006) in 75% of locations at the North Nose of Sheep 
Mountain anticline, and was interpreted as two joint sets: 1) a set normal to bedding and 
interpreted as pre-Laramide; and 2) a shallowly-dipping set that likely formed during the 
later stages of fold growth. 
The timing of fracture sets in this orientation has been subject to debate. Studies 
by Beaudoin et al. (2013), Hennings et al. (2000), and Bellahsen et al. (2006) suggest that 
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this fracture set occurs regionally, and likely formed pre-Laramide due to layer parallel 
shortening associated with the eastward migration of the Sevier forebulge. However, 
studies by Cooley and Erslev (2013) at Casper Arch showed that the 110° set abuts a 30° 
set, which they interpreted to have formed parallel to the Laramide compression direction. 
The 110° set in this area therefore must have formed by regional post-Laramide NNE-
SSW extension. 
Unfortunately, poor outcrop quality made it difficult to infer abutting 
relationships, and timing, of the 110° fracture set in the areas studied here. However, 
shallowly dipping and steeply dipping fracture sets in this orientation were observed in 
this study at the Sheep Mountain anticline, which is consistent with observations by 
Bellahsen et al. (2006) for two fracture sets with strike of 110°.  
 
7.1.3. 15° and 165° fracture sets 
The 15° and 165° sets are clearly definable in the field, and may either coexist 
with one another, or exist independently of each other, at the same outcrop. These 
fractures are extensional, typically short, and inconsistently spaced at Alkali Anticline 
and the north nose of Sheep Mountain Anticline. Little has been written regarding the 
presence of a 15° set in other Laramide structures. However, at Teapot Dome, the 165° 
set occurs throughout the structure, strikes oblique to the fold hinge, and was interpreted 
by Cooper et al. (2006) to have formed pre-Laramide. Beaudoin et al. (2013) also 
identified a 165° set, and argued that it formed during eastward migration of the 
forebulge in the Sevier orogeny. Although evident in stereoplots by Bellahsen et al. 
(2006), the timing of these sets relative to others in this study area remains unclear. 
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However, in the Greybull Platform, these two fracture orientations are the most 
systematically developed sets, with regular spacing and length, particularly at the study 
sites located distal to the mountain front. The abutting relationship between these two sets 
and others is generally ambiguous at both Alkali Anticline and the north nose of Sheep 
Mountain. However, at outcrops in the relatively undeformed regions of Greybull 
Platform, the 50° and 140° sets abut against the 15° and 165° sets. From these 
observations, the 15° and 165° fracture sets are likely pre-Laramide, and possibly formed 
during the Sevier orogeny. 
 
7.1.4. 90° fracture sets 
The 90° fracture set is well defined in all three study areas. The spacing and 
length of this fracture set are more regular at the Greybull Platform compared to the other 
study areas. This fracture set has not typically been observed in other Laramide structures. 
However, Beaudoin et al. (2013) described 90° sets at Rattlesnake Mountain Anticline 
and Sheep Mountain Anticline, and postulated that they formed during the Sevier 
orogeny. The 50° and 140° sets locally abut the 90° set in the areas studied here, which 
supports this assertion.  
 
7.2. Mechanical stratigraphy 
Natural fracture distribution in the Mowry Shale is controlled not just by local 
stresses, but also by other factors such as heterogeneities in the environment of deposition 
and diagenetic history (chemical and physical compaction) of the formation (Laubach et 
al., 2009). Although the understanding of how mechanical properties related to 
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stratigraphy control fracture distribution is not the focus of present study, it is still 
important to record the general fracture character and intensity of different stratigraphic 
units. These relationships can provide clues about the mechanical character of subsurface 
formation (Gale et al., 2014), as well as the potential permeability of an unconventional 
resource (Philip et al., 2005). 
In the Mowry, it was very difficult to determine vertical fracture continuity 
(fracture height) due to the abundance of mechanical layer boundaries (sandstone and 
shale which often contained very thin bentonite and/or siltstone laminae) within the 
formation. Fractures commonly terminate at these bedding planes or mechanical layer 
boundaries due to the differences in mechanical properties and stress distributions (Gale 
et al., 2014). The more ductile bentonitic and shaly units may potentially alter the local 
stress magnitude and direction to cause some minor rotation of fracture orientation. 
Numerous workers, both in academia and industry, are trying to understand the 
distribution of fracture spacing as a function of rock composition and mechanical layer 
thickness. Empirical relationships between fracture spacing and bed thickness have been 
recognized for different rock types (e.g. Sowers, 1973; Ladeira and Price, 1981). In 
general, thinner and more brittle of the units have the smallest fracture spacing. However, 
other studies contend that the relationship between fracture spacing and bed thickness is 
sometimes weak (Engelder et al., 2009; Fidler, 2011). This is somewhat consistent with 
what was observed in the Mowry Shale outcrops where fracture sets in the thin siltstone 
porcelanite unit are most tightly spaced (Fig. 7). Thicker sandstone units commonly 
contain the largest fracture spacing, which is especially true in the gently folded Greybull 
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Platform. However, certain exceptions were also observed in the Greybull Platform 
where the 140° fracture set appears as fracture swarms within the thicker sandstone units.  
Although mechanical properties of different stratigraphic units affect fracture 
spacing and height, they appear to have little influence on fracture orientations. This is 
supported by the fact that fracture orientations are relatively consistent at all field sites 
investigated in this study, and where they have been observed in other studies on 
sandstone and limestone.  
 
7.3. Natural Fractures in Mowry Shale Outcrops as a Subsurface Reservoir Analog 
Many outcrop fracture studies have debated whether fractures on the surface are 
also present in the subsurface, or if these outcrop fractures formed during uplift, 
unloading, and/or weathering. Fracture parameters, such as spacing, length, and height, 
can be difficult to measure in shale outcrops due to limited exposure and poor resistance 
to weathering. However, characterizing these features in drill core may be even more 
difficult, especially with vertical extensional fracture sets with large spacing, or shallow-
dipping fractures that exit core. Fracture density and connectivity in Mowry outcrops 
may not be representative of Mowry in the subsurface due to the induced fractures from 
weathering. Nonetheless, fracture orientations genetically related to the stress history of 
the basin can be useful as a subsurface analog. Additionally, many outcrop fracture 
surfaces preserve features such as plumose structure, hackle marks, and mineralization, 
which suggests fractures in outcrops are likely present in the subsurface (personal 
conversation with Lorenz). Consistent fracture orientation patterns have been observed in 
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both outcrop and cores of the Marcellus Shale, which affirms the value of using surface 
fractures as an analog to the subsurface (Lash et al., 2004).  
 Surface fracture orientations that are most likely to be systematically present in 
the subsurface of the Bighorn Basin include the 15°, 90°, and 165° sets. Although the 50° 
fracture set is present in most outcrops, the absence of this set in outcrops in the relatively 
undeformed Greybull Platform suggests it is directly associated with Laramide 
deformation, folding, and uplift. Therefore, it may not be present in the basin. Based on 
observations in the gently folded Greybull Platform, the 140° fracture set may be present 
as fracture swarms throughout the basin. This is supported by the fracture studies of Gray 
and Head (2000), which compared fractures in outcrop with those inferred from seismic 
data and observed in drill core in the Manderson Field and Zeisman Dome (SE of 
Manderson Field), which are located south of the present study areas. Results of Gray and 
Head (2000) show consistency of fracture orientations (NW-SE, 85°, and 160°) between 
outcrop and subsurface (seismic and core study), and support the contention that the  
90°,165°, and 140° sets observed in Mowry Shale outcrops are also present in Mowry 
Shale in the basin.  
 
7.4. Implications for Production 
An understanding of natural fractures in outcrops is critical for evaluating the 
prospectivity of an unconventional resource. The characterization of fractures in surface 
outcrops is a promising way to evaluate natural fracture systems, especially when access 
to drill core is limited. Even though the fracture intensity data collected from outcrops is 
not representative of the subsurface due to spalling and weathering, the orientation of 
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fractures that formed from regional stress can be projected into the basin. Furthermore, 
surface fracture data can provide regional structural information for reservoir modelers 
and drilling engineers to decide whether the reservoir is fractured, and how the 
interaction between induced hydraulic fractures and natural fractures increases or 
decreases the recovery rate of oil and gas production.  
Reservoir productivity can be enhanced or diminished by the orientation, pattern, 
size, mode (opening versus shear), cement type, and cement thickness of natural fractures, 
as well as the injection pressure of the fracking fluids and many other factors. During 
hydraulic-fracture stimulation, highly pressurized fracking fluids are forced into the well 
to expand natural fractures, and create induced fractures to connect natural fractures and 
increase the permeability of the reservoir. Factors influencing the propagation of 
hydraulic fractures are complex, and include, but are not limited to: the stress shadow 
effect (bed thickness and fracture spacing relationship), the modern stress orientation 
(induced fractures tend to follow the maximum in-situ stress orientation), natural fracture 
interaction (connectivity), and bedding planes (mechanical boundaries) (Olson, 2015). 
Warpinski and Teufel (1987) showed the effect of natural fractures on the propagation of 
hydraulic fractures, and how they may result in shorter and poorly connected hydraulic 
fractures (Fig. 27). Alternatively, studies in the Marcellus Shale (Engelder et al., 2009) 
and Antrim Shale (Curtis, 2002) show a positive relationship between production and the 
relative abundance of natural fractures.  
In the Mowry Shale, we predict that the 15°, 90°, 140° and 165° sets observed at 
the surface are also present in the basin. The connectivity of these fracture sets is likely to 
be relatively consistent, with the exception of 140° fracture swarms. Using this prediction, 
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in conjunction with the orientation of the modern maximum compressive stress (NNE-
SSW) (Bird, 2002), several conceptual predictions can be made: 1. Hydrocarbon 
production is higher when the well intersects fracture swarms (e.g., the 140° set); 2. 
Hydraulic fractures will likely intersect preexisting natural fracture system to increase the 
reservoir permeability; 3. Complex lithologic variation in this formation may result in 
mechanical boundaries for natural and induced fracture systems, therefore, vertical 
continuity of permeability may be limited; 4. Fracking fluids could dissipate into the 
natural fracture system due to the high connectivity. Although the relationship between 
natural fractures and production is not evaluated here using any modeling program, we 
contend that observed fracture orientations may allow for the prediction of fracture 
orientation in the basin, and as a result, provide a basis to test the relationship between 
drilling direction, fracture orientations, and production. 
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CHAPTER 8. CONCLUSIONS 
Extensional fracture sets with strikes of 15°, 50°, 90°, 110°, 140°, and 165° are 
present throughout the study areas. Orientations within each set may vary due to the local 
mechanical properties of beds and the site’s relative location to structural deformation. 
For example, under the same stress regime, fracture intensity is higher within thin 
siltstones and porcelanites than thick sandstone units due to lithological control on 
fracture development. Local variation in the presence of fractures is related to the degree 
of localized structural deformation. Evidence of this includes the 50° set, which is present 
near Laramide deformation in the Greybull Platform. This set is absent in relatively 
undeformed areas of the Greybull Platform. 
Several conclusions can be drawn regarding fracture formation in the Bighorn 
Basin:  
1. The 50° set is one of the most dominant fracture sets in the tightly folded 
Alkali Anticline and north nose of Sheep Mountain Anticline. It is oriented 
perpendicular to the fold axes and interpreted as having formed by the 
maximum Laramide compressional stress in the study areas. As mentioned 
above, the 50° set is poorly-developed at some areas of the Greybull Platform, 
which is likely due to the distal location of these sites relative to tight Laramide 
folds.  
2. The 140° set is best developed in tightly folded areas. This set ranges from 
parallel to subparallel to the fold hinge. It is considered to be related to local 
extensional stresses generated parallel to layering and perpendicular to the fold 
axis by buckling of layers during Laramide folding. This set is not pervasively 
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developed in the gently folded Greybull Platform, but does occur as local 
fracture swarms in most outcrops.  
3. The 110° set is most frequently observed in tightly folded areas as well in 
brittle rock units. This fracture set is commonly interpreted to have formed pre-
Laramide, however, the abutting relationship between it and others was is 
ambiguous in the Mowry Shale outcrops visited in this study.  
4. The 15° and 165° sets either coexist with, or exist independently of each other, 
at the same outcrop, in all study areas. However, these sets are best developed 
in the Greybull Platform. These sets are likely pre-Laramide, and  possibly 
formed during eastward migration of the forebulge during the Sevier orogeny.  
5. The 90° set is well defined in all study areas, and is best developed in the 
Greybull Platform. It likely formed in association with the Sevier orogeny. 
Surface fracture orientations that are systematically present in the subsurface of 
the Bighorn Basin most likely include the 15°, 90°, 140° and 165° sets. Evidence that 
these sets exist in the subsurface include field observation of the fracture surfaces 
containing characteristic plumose structures and calcite cements. Pre-Laramide stresses 
likely resulted in the formation of the 15°, 90°, and 165° sets. Because these sets are 
unrelated to local Laramide folding and uplift, we contend that they also occur in the 
basin. The presence of the 140° is difficult to predict, and is likely not pervasive 
throughout the subsurface. This set was not recorded at all study sites in Greybull 
Plaform, but did occur locally as fracture swarms. Although this study does not evaluate 
the impact these fracture sets have on production of the Mowry Shale, it does predict the 
36  
presence of natural fracture sets in the basin, which may be used in conjunction with 
drilling data as an analog for unconventional exploration. 
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FIGURES 
 
 
Figure 1. Geologic Map and cross section (through line A-A') of the Bighorn Basin, 
Wyoming from Finn et al. (2010). Cross section modified from Blackstone 
(1986a) and Stone (2004a).  
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Figure 2. Tectonic map of Laramide arches in the Rocky Mountains modified after 
Erslev (2005). Dark arrows indicate average maximum compressional stress 
direction of Laramide orogeny. Dark box indicates location of study areas.  
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Figure 3. Regional stratigraphic column for the Bighorn Basin, Wyoming modified after 
May et al. (2013), who derived their figure from Fox and Dolton (1996). 
 
 
 
 
 
 
 
46  
 
 
Fi
gu
re
 4
. G
oo
gl
e 
Ea
rth
 im
ag
e 
of
 th
e 
st
ud
y 
ar
ea
. I
ns
et
 in
 lo
w
er
 le
ft 
sh
ow
s t
he
 p
os
iti
on
 o
f t
he
 st
ud
y 
ar
ea
 w
ith
in
 th
e 
B
ig
ho
rn
 
B
as
in
.  
 
47  
 
Figure 5. Stereonet plots of poles to bedding (a-c) and poles to fracture planes (d-f) for 
the three areas studied here. Fracture orientations have been corrected for tilt of 
bedding. All measurements are from the Mowry Shale, except for b and e, where 
bedding data from the Sundance Formation were also plotted. Symbols for 
bedding represent an average of 3 to 5 measurements at each sampling site. The 
northwest, central, and southeast subareas of Alkali Anticline are defined in 
Figure 6. All individual fracture measurements are plotted. Contours indicate 
percentage of points per 1% counting area with a 1% contour interval. 
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Figure 7. Representative outcrops of Mowry Shale at Alkali Anticline. (a) Outcrop of 
siliceous shale from middle section of NE limb. The dominant fracture 
orientations are roughly 0°, 50° and 140°. The 50° fracture set commonly abuts 
against both 0° and 130° sets. Due to the ductility contrast between the shale 
versus sand and silt units, fractures in the shale appear to be longer and to have 
larger spacing. (b) Outcrop of siliceous siltstone porcelanite unit from the middle 
section of SW limb. The dominant fracture orientations at this site are 50° and 
140°. The siliceous siltstone porcelanite units in the Mowry Shale are commonly 
highly fractured with complicated intersecting relationships. Moreover, this 
lithology is commonly the most fractured. (c) Cherty siliceous sand unit from 
NW section of SW limb. The dominant fracture orientations are 50° and 140°. 
The average spacing of the NE fracture set is 16 cm, and that of the NW fracture 
set is 5 cm. The average length of the NE fracture set is 12 cm, and that for the 
NW fracture set is in the meter scale. However, the 50° fractures commonly abut 
against the 140° ones within these cherty sandstone units. 
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Figure 8. Stereonet plots of average fracture orientations for all 52 field sites at Alkali         
anticline. Fracture orientations have been corrected for tilt of bedding. The 50° 
(black) and 140° (dark blue) sets dominate at both limbs and noses. The 15° and 
165° (red and yellow), 90°(green), 110°(pink), and shallow-dipping sets (denoted 
as dashed lines) are less common. Complexity increases towards the nose of the 
anticline and proximal to faults (denoted as red lines). 
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Figure 9. Best-developed fracture sets at each field site at Alkali Anticline. Fracture sets 
denoted in dashed lines abut fracture sets denoted in solid lines. 
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Figure 10. Fracture orientations in subareas 1–6 of Alkali Anticline. Fracture 
orientations have been corrected for tilt of bedding. Heavy NW-SE and NE-SW 
lines are parallel and perpendicular, respectively, to the fold axis. Contours 
indicate percentage of points per 1% counting area with a 1% contour interval. 
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 Figure 11. Spacing of 50° and 140° fractures in the six subareas of Alkali Anticline 
defined in Figure 10. 
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Figure 12. Field photographs of fracture patterns from upper sandstone units of the 
Mowry Shale at Alkali Anticline. Site 11 (a) is located on the SW limb, and Site 
25 (b) is located on the NE limb. The upper stereonet from each site shows tilt-
corrected poles for all fractures measured at the site. The lower stereonet shows 
the tilt-corrected great circle for the average orientation of each set. Fracture sets 
in outcrop photos are color-coded to match corresponding orientations in the 
stereonets.  
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Figure 13. Field photographs of fracture patterns at site 38 (a) and site 44 (b) located 
near the south nose of the Alakli Anticline. The upper stereonet from each site 
shows tilt-corrected poles for all fractures measured at the site. The lower 
stereonet shows the tilt-corrected great circle for the average orientation of each 
set. Fracture orientations have been corrected for tilt of bedding. Fracture sets in 
outcrop photos are color-coded to match corresponding orientations in the 
stereonets. Outcrop photo of site 44 is viewed looking onto the surface of the 50° 
(black) fracture set, which shows plumose structure and other extensional 
features. Note the 140° (dark blue) fracture set shows local fracture swarms. This 
outcrop includes abundant slickensided fault dipping from upper right to lower 
left. Slickenlines are not well developed and steps are rare. The slickensides may 
have been superimposed on an original extensional fracture surface, and suggest 
the fracture may have had a protracted paragenetic history. 
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Figure 14. Field photographs of fracture patterns of site 56 (a) and site 121 (b) located 
on the SW limb of Alkali Anticline. Fracture measurements from site 121 are 
from the Frontier Formation, which stratigraphically overlies the Mowry Shale. 
Stereonets from each site show pre-folding fracture poles (top) and great circle 
for average orientations of each set (bottom). Fracture sets in outcrop photos are 
color-coded to match corresponding orientations in the stereonets. 
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Figure 15. Stereonet plots for all 22 field sites at Sheep Mountain Anticline. Fracture 
measurements include Mowry Shale from the SW limb and Sundance Formation 
(sandstone and limestone) from both SW and NE limbs. Fracture characteristics 
are generally consistent in these two formations. Color-coded great circles 
represent major fracture sets. The 45° (black) and 130° (dark blue) sets are 
dominant at both limbs and the north nose. The 15° (red), 90°(green), 110°(pink), 
165 (yellow) and shallow-dipping sets (denoted as dashed lines) are less 
common.
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Figure 16. Field photographs of fracture patterns at site 18 (a) and site 145 (b) located 
on the SW limb of Sheep Mountain Anticline proximal to the north nose. 
Fracture measurements from site 18 are from the Mowry Shale, whereas those 
from site 145 are from a sandstone unit in the Sundance Formation. The upper 
stereonet from each site shows tilt-corrected poles for all fractures measured at 
the site. The lower stereonet shows the tilt-corrected great circle for the average 
orientation of each set. Fracture sets in outcrop photos are color-coded to match 
corresponding orientations in the stereonet. 
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Figure 19. Mowry Shale outcrop photographs of site 21 (a) and site 91 (b) from the 
south end of the Greybull Platform. The upper stereonet from each site shows 
tilt-corrected poles for all fractures measured at the site. The lower stereonet 
shows the tilt-corrected great circle for the average orientation of each set. 
Fracture sets in outcrop photos are color-coded to match corresponding 
orientations in the stereonets. Note the 140° fracture set appears as fracture 
swarms at site 91. 
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Figure 23. Histogram of percent interparticle porosity distribution of Mowry Shale 
samples analyzed petrographically.  
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Figure 25. Thin section photomosaics from Mowry Shale from site 28 of Alkali 
Anticline. (a) Very fine-grained sandstone with silty shale laminae. Section 
contains the 50° fracture set, which exhibits multistage mineral growth. Fractures 
are filled mainly with gypsum and quartz, and nearby fractures are locally 
connected by quartz bridges. Total porosity of this thin section is 0.6%, which is 
distributed mainly in the fractures. (b) Close-up of layer-parallel unroofing 
fractures. (c) Close-up of multistage quartz growth within a 50° fracture. 
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Figure 26. Thin section photomosaics from Mowry Shale at Alkali Anticline sites 102 
(a) and 51 (b). Both show complex natural fracture systems of the 50° set. 
Interbedded silt and sand layers are typical sedimentary structures in this unit. 
Minor faults offset sediment layers. Sections (a) and (b) show multi-generations 
of calcite and quartz growth and the connection of natural extensional fractures.  
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Figure 27. Schematic drawing of the effect of natural fractures (joints) on the 
propagation of induced fractures (from Warpinski and Teufel, 1987). 
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TABLES 
 
Table 1. Frequency of occurrence of each fracture set at Alkali Anticline, north nose of 
Sheep Mountain Anticline, and Greybull Platform. 
 
Field 
Localities 
Frequency of Occurrence of Each Fracture Set (Pct.) 
50° 140° 90° 15° 165° 110° others 
Alkali Anticline  
(52 stops) 98 98 54 71 62 35 21 
North Nose 
of Sheep 
Mountain 
Anticline 
Mowry Sh.  
(14 stops) 86 100 93 29 50 29 21 
Sundance Fm.  
(8 stops) 75 88 75 88 63 38 0 
Greybull Platform 
(43 stops) 67 91 88 72 79 19 14 
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Table 2. Number of fractures measured for each fracture set at Alkali Anticline, north 
nose of Sheep Mountain Anticline, and Greybull Platform. 
 
Alkali Anticline 
Site Total Measurements 
Number of Fractures Measured for Each Set 
50° 140° 90° 15° 165° 110° others 
10A 20 10 8    2  
10B 42 21 21      
11 35 14 13     8 
12 23 4 14     5 
13 12 7 5      
24 31 10 10  11    
25 58 18 20  20    
26 20 5 5  5  5  
27 20 5 5 5 5    
28 20 5 5   5  5 
29 19 5   3 6 5  
33 15 5 5  5    
35 41 9 10  5 10  7 
37 61 16 15 15 15    
38 52 20 20 7 5    
41 62 15 20  12   15 
42 19 6 7  2 4   
43 52 22 20  5 5   
44 29 10 10 5 4    
45 38 12 10 10 3 3   
48 31 10 10 2 6  3  
51 52 10 12  9 1 10 10 
53 40 10 10 10 5 5   
54 40 10 10 7  10 3  
56 33 7 8 2 2 7 7  
57 20 5 5 3  5  2 
59 50 13 5 11 5 3 13  
60 25 5 5 5 5 5   
62 41 10 10   11 10  
63 48 10 15 6 7 7 3  
65 27 9 9   9   
69 45 11 9 6 2 11 2 4 
71A 39 9 10 1 2 8 9  
71B 20 5 5  4 2 4  
73 6 3 3      
74 33 10 9 2 12    
75 22 9 10 3     
100 42 10 12 5  10 5  
101 26 7 7 2 4 2 2 2 
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Table 2. Continued. 
Site Total Measurements 
Number of Fractures Measured for Each Set 
50° 140° 90° 15° 165° 110° others 
103 20 5 5   5 5  
104 15 5 5   5   
105 16 5 4 4 3    
109 26 4 5 5 5 2 5  
110 23 5 5 5 4 4   
112 20 4 5 3 5 3   
113A 25 5 5  5 5 5  
113B 10  5  5    
114 25 3 8 4 5 2  3 
115 47 10 10 10 7 10   
116 15 3 3 2 2 2  3 
117 25 5 5 5 5 5   
121 25 5 6 5 5 4   
Ave. 31        
Med.  26        
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Table 2. Continued. 
North Nose of Sheep Mountain Anticline  
Site Total Measurements 
Number of Fractures Measured for Each Set 
50° 140° 90° 15° 165° 110° others 
Mowry Shale 
18 66 19 9 20  18   
76 22 6 8 4   4  
77 51 8 12 23  8   
78 48 16 9 14  4 5  
79 19 6 6 7     
80A 22 3 7 10 2    
80B 15 5 5 5     
81 46 20 5 19   2  
82 59 3 21 14 6 15   
83 8 3 3     2 
84 24 9 7 2 2 4   
85 62 4 22 17 7 6  6 
86 30  3 10  7 10  
87 11  3 6    2 
Ave. 35        
Med. 27        
Sundance Formation 
145 47 7 12 14 14    
146 32   12 10 10   
147 26 6 9 4 6  1  
156 40 10 10  10 10   
159 31 5 11 10 2 3   
161 22  5 6 6  5  
163 20 5 5  5 5   
165 24 4 5 5  5 5  
Ave.  30        
Med. 29        
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Table 2. Continued. 
Greybull Platform 
Site Total Measurements 
Number of Fractures Measured for Each Set 
50° 140° 90° 15° 165° 110° others 
2 66 32 34      
5A 38  21  7 10   
5B 16  10   6   
16 19  2 5 6 6   
17 60 5  25 13 17   
20 54  15 19 9 11   
21 37 7 10 10  10   
22 38 19  8 3 5 3  
89 20 5  7 4 4   
90 15  5 5 5    
91 37 8 9 10 7   3 
94 20 5 5 5 5    
96 48 12 11 11 6 8   
97 48 10 10 9 10 9   
99 25 6 5 5 4 5   
107 25 5 4 5 5 6   
108 26 5 5 5 5 6   
130 25  5 10 10    
132 42  12 10 10 10   
137 21  5 9 1 6   
138 21  5 8  8   
139 30  10 9 4 7   
141 13  3 4 3 1 2  
143 26  1 11 1 13   
144 34 4 9 10  11   
150 38 1 5 14 2 16   
151 21  3 8 4 6   
152 23  7 7  5 2 2 
153 35 4 12 5  11  3 
154 14 5 5 1 3    
155 18 1 1 6  10   
158 26 2  11 8 3  2 
169 27 5 3 4 4 3 6 2 
170 18 7 6     5 
171 20 6 6 4 1 3   
172 18 6 6 3  3   
173 27 8 6 5  6 2  
174 33 9 8 2 8  6  
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Table 2. Continued. 
Site Total Measurements 
Number of Fractures Measured for Each Set 
50° 140° 90° 15° 165° 110° others 
175 19 5 6 5 3    
176 20 5 3 2 4 2 4  
178 21 4 7  3 2 5  
179 12 5 5 1  1   
181 24 7 4 6 4 3   
Ave. 28        
Med. 25        
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  APPENDIX A.  
COORDINATES OF INDIVIDUAL FIELD SITES 
 
Projection: UTM 
Datum: NAD83 
Site # Northing Easting UTM Zone 
2 4937915 262258 13 
5 4937951 262675 13 
10 4950399 716853 12 
11 4950734 715594 12 
12 4950924 715562 12 
13 4950973 715545 12 
16 4946664 733881 12 
17 4946898 734002 12 
18 4947862 720746 12 
20 4937485 268870 13 
21 4937630 268785 13 
22 4947992 269283 13 
23 4950349 716917 12 
24 4950309 716949 12 
25 4950288 716964 12 
26 4950096 717118 12 
27 4950084 717118 12 
28 4950052 717126 12 
29 4949727 717436 12 
33 4949545 717474 12 
35 4949424 717494 12 
37 4949256 717541 12 
38 4948553 717577 12 
41 4948466 717922 12 
42 4948333 717966 12 
43 4948290 717914 12 
44 4948269 717776 12 
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Site # Northing Easting UTM Zone 
45 4948555 717415 12 
48 4948615 717260 12 
51 4948717 717163 12 
53 4948880 717113 12 
54 4949015 716972 12 
56 4949080 716910 12 
57 4949222 716762 12 
59 4949310 716670 12 
60 4949365 716573 12 
62 4949543 716408 12 
63 4949595 716330 12 
65 4949777 716347 12 
69 4950020 716224 12 
71 4950294 716003 12 
73 4950393 716867 12 
74 4950359 716866 12 
75 4950334 716883 12 
76 4947659 720885 12 
77 4947510 720967 12 
78 4946155 721869 12 
79 4946395 721683 12 
80 4946519 721588 12 
81 4946971 721266 12 
82 4945577 722390 12 
83 4943889 723926 12 
84 4944055 723834 12 
85 4944264 723683 12 
86 4944599 723409 12 
87 4944922 723070 12 
89 4936074 269222 13 
90 4935950 269589 13 
91 4936043 269803 13 
94 4936214 269235 13 
96 4943965 272702 13 
97 4943214 272773 13 
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Site # Northing Easting UTM Zone 
99 4941923 273358 13 
100 4951037 716336 12 
101 4950834 716442 12 
102 4950792 716448 12 
103 4950735 716489 12 
104 4950506 716653 12 
105 4950468 716754 12 
106 4950472 716702 12 
107 4941747 272536 13 
108 4937971 273613 13 
115 4951571 715492 12 
116 4951585 715383 12 
117 4951301 715450 12 
121 4949070 716395 12 
125 4932794 265038 13 
126 4926861 272974 13 
127 4925309 649465 12 
128 4925383 649182 12 
129 4936134 266969 13 
130 4936020 266850 13 
131 4935888 266849 13 
132 4936186 269405 13 
133 4936209 266416 13 
134 4936550 266692 13 
135 4935204 731856 12 
136 4937054 264356 13 
137 4936995 264393 13 
138 4936849 264520 13 
139 4936822 264714 13 
140 4936495 265482 13 
141 4937440 265379 13 
142 4940051 272049 13 
143 4940507 272160 13 
144 4941353 272488 13 
145 4948677 721069 12 
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Site # Northing Easting UTM Zone 
146 4948528 721169 12 
147 4947831 721531 12 
148 4948033 721540 12 
149 4948085 721501 12 
150 4939596 271200 13 
151 4939212 271120 13 
152 4939137 271175 13 
153 4947676 271777 13 
154 4938030 271672 13 
155 4938636 271390 13 
156 4948450 721284 12 
157 4948524 721343 12 
158 4936877 266391 13 
159 4948693 721347 12 
160 4948494 721782 12 
161 4948553 721779 12 
162 4948609 721706 12 
163 4948692 721552 12 
164 4948837 721191 12 
165 4948873 721133 12 
169 4945924 270582 13 
170 4946092 270382 13 
171 4946182 270019 13 
172 4946609 270384 13 
173 4946913 270527 13 
174 4947707 270066 13 
175 4946618 269190 13 
176 4946200 269183 13 
177 4946186 269148 13 
178 4946210 269909 13 
179 4945837 269188 13 
180 4945881 269405 13 
181 4945959 269501 13 
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APPENDIX B. 
 
INDIVIDUAL PLOTS OF THE BEDDING-CORRECTED MEASUREMENTS 
FOR ALL SITES 
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GREYBULL PLATFORM
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NORTH NOSE OF SHEEP MOUNTAIN ANTICLINE 
 
92  
 
 
 
 
93  
ALKALI ANTICLINE NORTHEAST LIMB 
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ALKALI ANTICLINE SOUTHWEST LIMB 
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